Abstract Densities and speeds of sound in the temperature range 283.15-313.15 K have been measured for the binary mixtures formed by an isomeric chlorobutane (1-chlorobutane, 2-chlorobutane, 1-chloro-2-methylpropane, or 2-chloro-2-methylpropane) and butyl ethyl ether or methyl tert-butyl ether. Excess isentropic compressibilities were calculated from the experimental data. Excess enthalpies at T = 298.15 K are also included for the same binary mixtures. All these properties provide an insight into the nature of interactions operating on the present systems. Finally, the Prigogine-Flory-Patterson theory has been used to analyze the H E results and to estimate the isentropic compressibility values of the mixtures at T = 298.15 K.
Introduction
Most of the industrial processes involve substances on liquid state, pure components or mixed systems with different concentrations of solvents. Detailed knowledge of the properties for this aggregation state of matter is a research area of permanent interest and continuous developments, as it demonstrates the constant appearance of new works on specialized publications. These works show two main and complementary routes in order to understand the molecular interactions that characterize this state. One route is the experimental way, trying to determine convenient properties as precise as possible in a wide range of conditions (composition, temperature, pressure, etc.), and afterward using the obtained values to derive new interesting properties by using reliable relationships (mainly thermophysical equations). The other main way lies on the formulation of theoretical models and correlations that could be used to predict the values of interesting properties in different conditions. Predicted values can be compared with experimental values in order to test their capability and validity.
The result of the researching group efforts is the enlargement of the available thermophysical property databases with always valuable experimental information. At the same time, this information is used to formulate more confidence and reliable predictive models. One way or another, the consequence is the better understanding of the processes that take place in liquid substances and, especially, in their mixtures.
Continuing the study of mixtures involving chloroalkanes and ethers [1] [2] [3] [4] [5] [6] , we have chosen the binary systems formed by an isomer of chlorobutane (1-chlorobutane, 2-chlorobutane, 1-chloro-2-methylpropane, or 2-chloro-2-methylpropane) together with butyl ethyl ether or methyl Table 1 Densities, q, speeds of sound, u, isobaric expansibilities, a p , and molar heat capacities, C p , of pure components at working temperatures
enthalpies [7, 8] . Furthermore, we have also applied an extension of this theory to predict the isentropic compressibilities at T = 298.15 K from H E values [9] .
Experimental
The liquids used were 1-chlorobutane, 2-chlorobutane, 2-chloro-2-methylpropane, butyl ethyl ether and methyl tert-butyl ether, all of them provided by Sigma-Aldrich (C99 %), and 1-chloro-2-methylpropane supplied by Fluka ([99 %). After the confirmation of purities by gas chromatography, no further purification was done. The mixtures were prepared by mass using a Sartorious CP225D semi-micro-balance with an uncertainty of ±10 -5 g. The maximum estimated error in the mole fraction is ±1 9 10 -4 . Densities, q, and speeds of sound, u, of the samples, pure compounds and their mixtures, at atmospheric pressure, were determined at the same time with an Anton Paar DSA-5000 vibrating tube densimeter and sound analyzer, internally thermostated within ±0.001 K. The uncertainty of density measurements is ±5 9 10 -6 g cm -3 and the uncertainty for speed of sound is measurements ±1 9 10 -1 m s -1
. The calibration was carried out with dry air and ultrapure water supplied by SH Calibrations Service GmbH. Excess enthalpies were obtained by means of a commercial flow calorimeter from Hart Scientific (model 7501), as previously described [10] . In this device, a constant composition flow is passed through a thermostated calorimeter cell using two syringe pumps (model LC 2600, from ISCO). This cell is equipped with both a pulsed heater and a Peltier cooler that is working at constant power, producing a constant heat loss from the calorimeter cell, which is compensated by the pulsed heater. The heat effects influence the required frequency, so the heats of mixing can be determined from the observed frequency change with respect to the baseline. The evaporation and degassing effects are prevented using a back-pressure regulator. Finally, the temperatures are monitored with a Hart Scientific platinum resistance thermometer (model 1006 Micro-Therm) with an uncertainty of ±0.005 K. The corresponding uncertainties in mole fraction and H E were estimated to be ±0.0001 and less than ±1 %, respectively.
Results and discussion
From speeds of sound and densities, the isentropic compressibilities can be estimated by means of the relation:
Þ, supposing that ultrasonic absorption is negligible. Then, excess isentropic compressibilities were estimated from these values using the following equations:
where j id S is calculated according to Benson and Kiyohara [11] :
/ i being the ±i in the mixture referred to the unmixed state, x i the corresponding mole fraction, T the temperature, and j S,i , V i , a p,i , and C p,i the isentropic compressibility, the molar volume, the isobaric expansibilities and the isobaric molar heat capacity of the pure component i, respectively Isobaric expansibilities, a p , were derived from densities measured in our laboratory. Isobaric molar heat capacities for 1-chlorobutane and methyl tert-butyl ether were taken from the literature [12, 13] and for the rest of compounds were calculated using group-contribution methods [14, 15] . The pure compound properties are listed in Table 1 .
Excess isentropic compressibilities are graphically shown in Figs. 1-8.
Excess enthalpies for all the mixtures were obtained from thermal energy per time unit data. This property is drawn from Figs. 9 and 10.
The values of each excess property, Y E , were correlated with a Redlich-Kister polynomial expansion, A i are adjustable parameters, and x i is the mole fraction of component i.
The values of the parameters A i , together with the standard deviations r(Y E ), are given in Table 2 . The measured properties (densities and speeds of sound) together with the excess properties can be found in the supplementary information.
Excess isentropic compressibilities are negative over the whole composition range at all temperatures, and they become more negative when temperature increases. For a given chlorobutane, the values are lower in mixtures containing methyl tert-butyl ether. If we consider mixtures with the same ether, the most negative values correspond to systems with the chlorine atom bonded to a primary carbon (1-chlorobutane and 1-chloro-2-methylpropane), and the less negative ones correspond to the other two isomers. It is remarkable that values with . This comment can be also made regarding mixtures with 1-chloro-2-methylpropane, because they present almost similar values independent of the ether considered. Then, we can conclude that values for this property are highly influenced by the branched structure of the chlorinated compound. Nevertheless, minimum values are always placed at molar fractions equal to 0.5.
If we compare the results here presented with those corresponding to systems formed by the four chlorobutanes and di-isopropyl ether [2] , the only difference is that the values for these last systems are more negative except for the mixture with 2-chloro-2-methylpropane that again presents values almost similar to the systems with the other two ethers.
Thermal behavior at T = 298.15 K is very different for the mixtures depending on the ether considered. H E values are negative for mixtures with methyl tert-butyl ether (minimum values vary in the range -90 and -220 kJ mol -1 ), but they are positive for the systems 2-chlorobutane or 2-chloro-2-methylpropane ? butyl ethyl ether (70 kJ mol -1 in the maxima), and S-shaped for mixtures with primary chlorinated isomers (1-chlorobutane and 1-chloro-2-methylpropane). In these cases, values are negative in the region richest in ether (until molar fraction 0.6) and positive in the rest. Nevertheless, values are always near zero, varying between -10 and 15 kJ mol -1 . If we consider the same ether, values of this property follow the sequence:
Systems containing di-isopropyl ether with the same haloalkanes follow the same trend, the values with 2-chloro-2-methylpropane being positive and small, and somewhat negative for the rest. Minimum excess enthalpies are virtually similar for systems with 1-chlorobutane and 1-chloro-2-methylpropane, and lower (absolute terms) when haloalkane is 2-chlorobutane [3] .
These values can be interpreted as the result of the forces operating in pure liquids and the mixture. All substances here used have moderate dipole moment, between 1.90 and 2.15 D for chlorinated isomers [16] and 1.24 and 1.225 D for butyl ethyl ether and methyl tert-butyl ether, respectively [16, 17] . Then, the dipole-dipole interactions can be expected to be responsible for the observed behavior. Besides, ethers present an oxygen atom with two electron pairs that can play as electron density donor [18] ; meanwhile, chlorine atom of chlorobutanes presents a positive electrostatic potential region outside the molecule. The result is an electrostatically driven non-covalent interaction [19, 20] established between ether and haloalkane molecules. When mixing, the opposite energetic interaction operates together, mitigating like-like interactions and establishing new Cl-O interaction corresponding to the unlike substances.
Negative excess enthalpies for the mixtures containing methyl tert-butyl ether indicate that Cl-O interaction contribution plays an important role in the mixing process, compensating the weakening of the dipole-dipole existing in the pure compounds. The position of the Cl atom is also an important factor, being the most exposed (primary haloalkanes) of those with the most negative values due to their easiest possibility to establish the interaction. In the case of the systems haloalkane ? butyl ethyl ether, linear structure of both hydrocarbon chains bonded by O atom seems to hinder Cl-O interaction, this interaction being only noticeable with primary chlorinated compounds.
This interpretation can be confirmed regarding excess isentropic compressibility values, property more related to structural effects. The values of this property are clearly more negative for systems with methyl tert-butyl ether than those with butyl ethyl ether, resulting in more compact systems. The accommodation between structures seems to be important with the first-cited ether, with almost spherical hydrocarbon chains around O atom compared with linear ones for butyl ethyl ether. This fact, combined with the contribution of the Cl-O interaction, could explain the negative values for this property in the four systems with methyl tert-butyl ether and only with the two primary chlorinated hydrocarbons in the mixtures with butyl ethyl ether. 
Prigogine-Flory-Patterson theory
In the Prigogine-Flory-Patterson theory, the excess enthalpy of a mixture can be expressed as the sum of two contributions [7, 8] : an interactional contribution which is proportional to the Flory or interaction parameter, v 12 , and a free volume contribution:
In this equation, the reduced magnitudes for the mixture (Ṽ,T andC p ) can be obtained from the reduced configurational energy,Ũ, which was calculated using the reduced configurational energies of the pure components by:
where the contact energy fraction, w i , is defined as:
The rest of the parameters can be obtained using Flory's theory [21, 22] .
The Prigogine-Flory-Patterson theory was extended by Oswall [9] in order to estimate the isentropic compressibilities of liquid mixtures. Once the interaction parameter, v 12 , is obtained, the Prigogine-Flory-Patterson theory allows to estimate the molar volumes, V, the molar heat capacities, C p , and the coefficients oV=oT ð Þ p and oV=op ð Þ T of a liquid mixture. From these quantities, by using a thermodynamic relation, the isentropic compressibility, j S ¼ ÀV À1 oV=op ð Þ S , can be obtained:
Physical properties of the pure compounds together with Flory parameters are given in Table 3 . Isothermal compressibilities, j T , were calculated from volumetric behavior (pqT), and the number of contact sites per segment of a molecule, s, has been estimated using the Bondi's method [23] .
Here, we have obtained the interaction parameter for each mixture by fitting the Prigogine-Flory-Patterson theory to the corresponding experimental equimolar H E values. Table 4 provides the interaction parameter for each system, the calculated contributions to H E together with the estimated and experimental j S values at equimolar composition and at T = 298.15 K.
For all the systems, the interactional contribution is very small in absolute value and negative except for the mixtures 2-chlorobutane ? butyl ethyl ether and 1-chloro-2- On the other hand, the free volume contribution is the dominant term for all the mixtures, this contribution being positive for the systems presenting positive H E values, that is, 2-chlorobutane ? butyl ethyl ether and 2-chloro-2-methylpropane ? butyl ethyl ether. With respect to the prediction of isentropic compressibilities, it can be considered satisfactory that with an overall deviation from experimental results less than 1.8 %, the best predictions correspond to the mixtures containing 1-chlorobutane, while the worst predictions are found for the mixtures containing 1-chloro-2-methylpropane. It can be outlined that for the systems studied here, the predicted j S values are slightly lower than the experimental ones. 
Conclusions
The measurement of density and speed of sound over the whole composition range for the binary mixtures of an isomer of chlorobutane and butyl ethyl ether or methyl tertbutyl ether at different temperatures (from 283.15 to 313.15 K) has allowed the determination of the isentropic compressibilities and the calculation of the excess isentropic compressibilities of these systems. This excess property exhibits negative values in all cases, the lowest being those corresponding to the systems 1-chlorobutane or 1-chloro-2-methylpropane at the highest temperature. Excess enthalpies for the same mixtures have been determined at T = 298.15 K, showing negative values for all systems formed by an isomer of chlorobutane with methyl tert-butyl ether, and mainly positive with butyl ethyl ether. Considering these results, Cl-O interaction established in the mixing process seems to be mainly responsible for the observed behavior, combined with structural effects due to the different shape of the alkyl chains of the ethers.
Prigogine-Flory-Patterson theory has been applied to analyze excess enthalpies in order to obtain interaction parameter to derive isentropic compressibilities in order to compare with experimental values. The results are satisfactory, with an overall deviation less than 1.8 %. 
